Fish parasites can accumulate heavy metals reaching higher concentrations than the host and may affect the host's bioaccumulation. The present study compared total mercury concentration in the liver and muscle of Cyphocharax gilbert and in the parasite Riggia paranensis sampled in the middle Itabapoana River, Brazil, also considering the reproductive stages of both fish and parasite. Mean concentrations of mercury in muscle of fish varied from 20.8 ng.g -1 in mature females to 38.1 ng.g -1 in postspawning females. The mean concentrations in fish liver varied from 60.9 ng/g in post-spawning females to 110.4 ng.g -1 in infested males. The mean concentration of mercury in parasites varied from 26.2 ng.g -1 in specimens carrying early embryo to 39.5 ng.g -1 in specimens with eggs. Positive and significant associations (P≤0.05) were found between the total mercury concentrations in parasites and muscle of host (both females and males), and between concentrations in parasites and in the liver of male hosts. These results suggest that R. paranensis can be used to indicate mercury levels in edible parts of C. gilbert.
Introduction
Fish are typically infested with many species of parasites within the gills, digestive tract and other tissues. Knowledge of the parasites is important not only to learn about fish health but also to evaluate environment quality (Sures, 2001) . In aquatic habitats, the use of fish parasites as bioindicators of pollution has been demonstrated to be particularly suitable due to their capacity of bioconcentration (Sures et al., 1999; Sures, 2001; Sures et al., 2003) .
Certain fish parasites, particularly intestinal acanthocephalans and cestodes, are widespread and common fish parasites, and they can accumulate heavy metals at concentrations significantly higher than those in host tissues or the environment (Sures, 2001 (Sures, , 2003 (Sures, , 2004 Sures et al., 2003; Schludermann et al., 2003; Thielen et al., 2004; Tekin-Ozan & Kir, 2005) . These parasites have been indicated as tools for monitoring of heavy metal pollution by Cd, Cu, Pb, and Zn, among others. However, the bioaccumulation of high concentrations of heavy metals such as Cd, Cr, and Pb observed in some parasites related to their hosts cannot be due to biomagnification. Only mercury can be involved in biomagnification within the host-parasite relation (Bergey et al., 2002) .
The location of the parasites within the host can also be another important factor to be considered in bioaccumulation studies. Most studies conducted to evaluate the use of fish parasites as bioindicators of heavy metals have selected the parasites as sentinels (Sures et al., 1999 Sures, 2001) . Eco-parasites such as monogeneans and crustaceans were not indicated as sentinels because they can be affected by surrounding water and because most are probably similar in their bioaccumulation pattern related to free-living specimens (Sures, 2004) . However, the parasite Probopyrus pandalicola (isopod crustacean, hematophagous in gill chamber) was able to reduce the mercury concentrations in its host, the grass shrimp Palaemonetes pugio (Bergey et al., 2002) .
The parasite Riggia paranensis Szidat, 1948 is one isopod crustacean species that infests species of Cyphocharax (Bastos & Thatcher, 1997) . Like some species of the family Cymothoidae, only females are parasites (Raibaut & Trilles, 1993) . Adult females of this species are blood feeders and once infesting a fish, it does not switch to another host. These females grow inside a host-produced capsule in the pericardial area, where they obtain blood from the gills and maintain an opening in the host body to obtain oxygen from the water and to deliver their brood into the environment (Raibaut & Trilles, 1993) . The males of R. paranensis are free-living specimens, being smaller than females (Bastos & Thatcher, 1997) . They can be found inside the fish in a copulation position since they usually cling to the females near the base of the pleopods (Bastos & Thatcher, 1997; Huizinga, 1972; Thatcher, 1991) .
The host Cyphocharax gilbert (Quoy & Gaimard, 1824) feed on microalgae associated with mud that accumulates on the bottom of lagoons and river puddles (Sazima & Caramaschi, 1989) . This species is commonly found in coastal drainages of eastern Brazil, being distributed in rivers and lagoons of the states of Bahia, Espírito Santo and Rio de Janeiro (Vari, 1992) and shows the highest fecundity among the known members of the Curimatidae (Azevedo et al., 1938) . The populations of this species have a spawning period of two annual reproductive cycles, beginning in February and August Lima et al., 2007) . However, C. gilbert shows parasitic castration when infested by the crustacean R. paranensis, being unable to reproduce (Azevedo et al., , 2006 Gomes da Silva et al., 2005; Lima et al., 2007) . Infested fish lack gonadal development and two sex-specific proteins in the plasma (Gomes da , and they have low levels of sex steroids (Lima et al., 2007) . The prevalence of parasitism in the fish C. gilbert varies from place to place, but it is around 60% in the middle Itabapoana River (Azevedo et al., , 2006 , an area that became a target for gold mining in the middle 1980's (Malm et al., 1989b; Torres et al., 1991) . In the upper and middle part of the river, it can be observed that domestic and industrial effluents reduce water quality. The impact of these activities was revealed by the levels of eleven heavy metals in river sediments, including arsenic and mercury (Malm et al., 1989a (Malm et al., , 1989b Torres et al., 1991) .
The aim of the present study was to compare total concentration of mercury in the muscle and liver of the fish C. gilbert and its parasite R. paranensis from the middle Itabapoana River, considering the sex of the host and the reproductive stages of both fish and parasite.
Materials and Methods
Specimens of C. gilbert were obtained from local fishermen in the middle Itabapoana River (Rio de Janeiro/Espírito Santo states, southeastern Brazil; 21°15'S and 42°30'W). Fishermen collected the specimens using two types of gillnet (three of them with 20-mm mesh, 25 m long and 1.5 m wide; the other three with 25-mm mesh, 25 m long and 1.5 m wide). Gillnets were kept in the river for 12 h, from sunset to sunrise in January, June, September and October of 2003 and March, October and November of 2004.
The standard length (cm -distance from the tip of snout to the fork of caudal fin) of the fish was measured using live specimens to determine their body size. Fish were maintained in cold water (0ºC, 5 min.) to reduce sensitivity (Lima et al., 2007) , sacrificed by decapitation and classified by the presence of the parasite, by sex (male or female), and by gonadal development (initial development, maturating, mature, postspawning, and inhibited by position, color and size of gonads), according to Azevedo et al. (2002) . Parasites were removed from the host-produced capsule in the pericardial area to determine their total length (mm -distance from the tip of head to the end of the telson). The prevalence of parasitism was calculated as the number of infested fish / number of examined fish x 100%, according to Bush et al. (1997) .
Portions of muscle free of scales and skin and of liver were obtained from each fish in the field. All materials (liver, muscle and parasites) were individually packed in polyethylene bags and frozen (-10°C) in the field, during a 12-h period before transporting them under cold conditions to the laboratory. A small portion of reproductive tissues was collected from the marsupial cavity of parasites and preserved in 70% ethanol. These reproductive tissues were analyzed with a stereomicroscope with epi-illumination (Zeiss, stemi SV 11) to classify the parasites into four reproductive stages, considering the morphological characteristics shape, bilateral symmetry, emergent structures, pigmentation degree, and body segmentation of eggs or embryos (Azevedo, 2002) .
Muscle and liver samples and parasites were handled using the same procedures. The samples were defrosted, cut into small fractions, and weighed to obtain aliquots of 400 mg each to be digested in a hot-water bath at 60°C with a mixture of 1.0 mL of H 2 O 2 and 3.0 mL of H 2 SO 4 /HNO 3 (1:1) until the dissolution of all material. After cooling, 5.0 mL of KMnO 4 (5%) were added. The samples were warmed over a water bath at 60°C for 15 min and allowed to stand overnight, then neutralized with a 12% NH 4 Cl + NaCl solution, and made up to a final volume of 25 mL with Milli-Q H 2 O in the trial balloon.
Mercury analyses were performed by atomic absorption spectrometry with an AA 1475 Varian instrument equipped with a cold-vapor generator accessory (Varian VGA-76), with sodium borohydride as a reducing agent at the Laboratório de Radioisótopos Eduardo Penna Franca of the Federal University of Rio de Janeiro, following the method of Malm et al. (1989b) . Reproducibility and accuracy were determined by means of duplicate analyses. The Hg concentration levels were expressed in ng.g -1 (ppb), based on wet weight. Analytical quality control was carried out with the use of a certified reference (Malm et al., 1989b) .
The Mann-Whitney test was applied to determine if body sizes were significantly different between females and males of fish, regarding infested condition, and to test if body sizes of parasites were significantly different, regarding sex of host. Non-parametric analysis of variance (Kruskal-Wallis test) tested if the reproductive condition of each species significantly affected the results of total mercury concentrations in fish tissues (liver and muscle) or parasite. This test was also applied to see if parasitism affected the results of total mercury concentrations in muscle and liver of hosts. Spearman correlation coefficient (r s ) was applied to determine if there was any relationship between the concentrations in muscle and liver of fish, and between the concentrations of mercury in parasites and in muscle or liver of their hosts (Snedecor & Cochran, 1971) .
Four specimens of C. gilbert infested by R. paranensis were deposited at the Coleção Zoológica Didática, Universidade do Norte Fluminense (UENF/CY 1998/01-04). Vouchers were deposited at the Museu Nacional do Rio de Janeiro (MNRJ 30982).
Results
The parasite prevalence was 58.0% among the collected fish. Most of the fish were infested by only one parasite (46%). Specimens of fish with two parasites represented 12% of the sample. A total of 98 females and 69 males of fish and 174 parasites (74 from female hosts and 89 from male hosts) were analyzed. Standard length of fish varied from 10.6 cm to 19.7 cm, but no differences were observed between females and males, between non-infested or infested females or between non-infested or infested males regarding average body size (Table 1) . Total length of parasites varied from 1.1 mm and 3.0 mm, and no differences in body size were observed between the parasites removed from female hosts and those removed from male hosts (Table1).
Mean Hg concentrations in muscle varied from 20.8 ng.g -1 in mature females to 38.1 ng.g -1 post-spawning females ( Table 2 ). The differences in Hg mean concentration among non-infested females or non-infested males at different gonad development stages were not significant (P>0.05). Non-significant differences (P>0.05) in concentration were also observed between non-infested Table 1 . Body size (mean and standard deviation (± SD) of the fish Cyphocharax gilbert (standard length, cm) and of the parasite Riggia paranensis (total length, mm), from the middle Itabapoana River, Brazil. (*) Only females were parasites (Bastos & Thatcher, 1997 (Table 3) . Non-significant differences (P> 0.05) in concentration were observed among parasites at different reproductive stages. The results obtained from each fish tissue (muscle and liver) ( Table 2 ) and from the parasites (Table 3) were compared, only considering fish sex (male or female) and its parasitic condition (non-infested and infested) ( Table 4 ). The concentrations of mercury in the liver of non-infested fish were on average 2.6 times higher than in muscle. Among infested fish, the concentrations of mercury in the liver were on average 3.2 times higher than for muscle. These concentrations of mercury in muscle of host were similar to the concentrations obtained in their parasites. The concentrations in the liver of hosts were on average 3.2 times higher than in their parasites.
The concentrations of mercury in muscle of non-infested fish were not significantly different from those in infested ones for both males and females (P>0.05). The mean concentrations of mercury in liver of infested fish were higher than in non-infested ones, but the differences were not significant (P> 0.05).
Spearman correlation coefficient (r s ) analysis revealed a significant (P<0.05) and positive association between the total mercury concentration in the muscle of fish (both females and males) and the parasites, and in the liver of males and the parasites (Table 5) .
Discussion
The extraction of alluvial gold, indiscriminate use of agrotoxins, and some domestic and industrial effluents have increased the concentration of mercury in several environments around the world, and have been particularly well described in Canadian biota (Fisk et al., 2005) . The analyses of fish muscle have allowed the assessment of how humans have been exposed to mercury and the evaluation of detrimental effects on animals at higher trophic levels, especially in gold mining areas (Uryu et al., 2001) . The mercury concentrations reported in the edible part of the fish collected from several Brazilian freshwater environments varies from 20 ng.g -1 to 700 ng.g -1 in non-piscivorous species and from 60 ng.g -1 to 1,000 ng.g -1 in piscivorous ones (Lacerda et al., 1994; Malm et al., 1995; Lacerda, 1997; Bidone et al., 1997a Bidone et al., , 1997b Lebel et al., 1997; Moraes et al., 1997; Castilhos et al., 1998; Brabo et al., 1999; De Souza et al., 2000; Lechler et al., 2000; Lima et al., 2000; Leady & Gottgens, 2001; Uryu et al., 2001; Da Silva et al., 2005; Farias et al., 2005; Fostier et al., 2005) . The levels of mercury in the edible part of C. gilbert, a nonpiscivorous fish, were close to the lowest values reported for Brazilian fish, suggesting that there is currently a low impact of mercury in the middle Itabapoana River food chains.
Usually the liver is not an edible part of fish, but this organ has been used to assess the biological effects of anthropogenic contaminants in wildlife. Liver is a metabolically active organ, in which metals primarily tend to concentrate and are then metabolized and excreted. Mercury concentrations in liver of C. gilbert were approximately double those found in muscle, which matches well with the results of other studies (Agusa et al., 2004; Storelli et al., 2005) . An association between mercury concentration in muscle and liver is not a general rule, as observed for C. gilbert. Mercury concentration in liver of the host was three times higher than in the parasite. The opposite pattern was observed for the concentration of lead (Pb) and cadmium (Cd) in freshwater fish and the parasites belonging to the acanthocephalan and cestode groups (Sures et al., 1999) .
Positive associations between mercury concentration in muscle and parasites were observed in both male and female host fish. However, a very low ratio of mercury concentration Table 4 . Total mercury concentrations (mean ± S.D. and range in ng.g -1 wet weight) in muscle and liver of non-infested and infested specimens of Cyphocharax gilbert and in the parasite Riggia paranensis obtained from female or male hosts, from the middle Itabapoana River, Brazil. (* )Only females were parasites (Bastos & Thatcher, 1997 in host muscle to that in the parasites was observed. The low ratio suggests a longer exposure time as metal uptake occurs faster in parasites (Sures, 2001) . The expected mercury biomagnification has not always been involved because the parasite may not be regarded as a trophic equivalent of predators (Bergey et al., 2002) . The present study also revealed that R. paranensis did not reduce the accumulation of mercury in its fish host as observed by other authors (Sures, 2001 (Sures, , 2003 (Sures, , 2004 Bergey et al., 2002; Sures et al., 2003; Schludermann et al., 2003; Thielen et al., 2004; Tekin-Ozan & Kir, 2005) . For example, when exposed to methylmercury in the laboratory, the grass shrimp Palaemonetes pugio, infested by the isopod Probopyrus pandalicola, accumulated lower concentrations of mercury than their non-infested counterparts (Bergey et al., 2002) . However, the parasite P. pandalicola concentrated less mercury than the host, as observed for R. paranensis in the present study. Thus, isopod crustacean parasites may not behave as acanthocephalan and cestode fish parasites (Sures, 2004) , but they can be useful in assessing the kinetics and ecological circumstances about mercury uptake by themselves and their hosts. Positive and significant associations between mercury levels in host edible part (muscle) and parasite were found.
The present study suggests that R. paranensis affected the host accumulation dynamics. Parasitism seems to increase the association between levels of mercury in the liver of fish. However, many ecological and genetic factors can alter heavy metal uptake by host and parasite, and therefore, the generalization of the use of fish parasites to assess environment quality is unlikely. On the other hand, the complexity and ubiquity of host-parasite interactions are good arguments to approach a variety of cases related to pollution. 
